: Silicon tracking detectors provide excellent spatial resolution, and so can provide excellent momentum resolution for energetic charged particles, even in compact detectors. However, at lower momenta, multiple scattering in the silicon degrades the momentum resolution. We present an alternate method to measure momentum and alleviate this degradation, using silicon detectors that also incorporate timing measurements. By using timing information between two silicon layers, it is possible to solve for the the radius of curvature, and hence the particle momentum, independent of multiple scattering within the silicon. We consider three examples: an all-silicon central tracker for an electron-ion collider, a simplified version of the CMS detector, and a forward detector for an electron-ion collider. For a 75 cm diameter tracker in a 1.5 T magnetic field, timing can improve the momentum determination for particles with momentum below 500 MeV/c. In the 3.8 T CMS magnetic field and 1.2 m radius tracker, timing can improve tracking up to momenta of 1.3 GeV/c. The resolution is best at mid-rapidity. We also discuss a simpler system, consisting of a single timing detector outside an all-silicon tracker.
pad detectors have achieved resolutions below 20 psec [7] . The technology of fast timing in silicon detectors is nicely reviewed in Ref. [8] . A timing resolution of 12 psec could be achievable for a heavily biased (200 V) 50 µm thick sensor with a very low noise readout [9] ; sub 10-psec resolution could be achievable with slightly thinner sensors. The 10 psec level matches a planned silicon time-of-flight system for an EIC detector [10] , so we will adopt it here. This paper will consider two cases: a possible all-silicon detector for an electron-ion collider, and for the CMS detector at the LHC. It should be noted that the the CMS, ATLAS and LHCb detectors are all already considering adding timing capability for high-luminosity LHC running, in order to better associate hits and tracks with individual vertices.
An EIC tracking detector
We consider an all-silicon central detector in a uniform solenoidal magnetic field. If the magnetic field is not uniform, the calculations are more involved. This model detector is tailored to fit in the 1.5 T magnet used by sPHENIX, leaving room for particle identification devices plus some calorimetry, i. e., so it is the same size as the sPHENIX tracker [11] , with an assumed 75 cm outer radius. The silicon is based on the ALICE inner tracking system (ITS) detector [12] , but with the seven layers distributed over a wider radial range, from 2.2 cm to 75 cm in radius. The lengths were adjusted to roughly cover the pseudorapidity range |η| ≤ 1, as listed in Tab. 1. The layer thicknesses were adjusted from the ITS values by assuming that the detectors would be air cooled, as with the STAR Heavy Flavor Tracker (HFT) [2] , and with the silicon thinned to 50 µm. The division into three thinner inner layers and four thicker outer layers with larger pixels and thicker supports was retained. The thicker supports are needed to handle the longer staves.
The no-timing tracking resolution was determined with a simple model, that used the silicon position resolution and multiple scattering for isolated tracks i. e. assuming perfect tracking. Figure 1 shows the momentum resolution at pseudorapidity (η = 0), compared with three other proposed EIC detectors. The other detectors primarily use gaseous detectors for momentum resolution: sPHENIX [11] , BEAST [13] , and JLEIC [14] . The resolutions were calculated in the same framework, ensuring that this is an apples-to-apples comparison between silicon and gaseous detectors. The silicon detector has excellent performance at high momentum, because of the excellent spatial resolution. However, at low momenta, it's resolution degrades rapidly because of the higher detector thickness. The resolution may be parameterized as a quadrature sum
where p is in GeV/c. The first term accounts for the precision of measuring the sagitta, and the second is due to multiple scattering. The first term is smaller for an all-silicon detector than for a comparably sized gas detector because of the superb space-point resolution. The second term is larger for silicon than for a comparable gas detector because the silicon detector contains more material. For momenta below about 1 GeV/c, the momentum uncertainty is predominantly from the multiple scattering. The second term in eq. 2.1 scales roughly as the square root of the thickness. A reduction in layer thickness moves the cross-over point, but such a detector will still struggle at low momentum.
Resolution with timing
We now consider the how timing could improve the tracking performance of this silicon detector. We assume that the particle identity is known, so we can relate momentum to velocity. The soft particles considered here can be identified using time-of-flight based on a track curvature reconstructed without the use of timing. We initially consider a single pair of silicon detectors, with separation d, at y = 0 as is shown in figure 2 . Between the layers, charged particles follow an arc with radius of curvature R = αBp T where B = 1.5 T is the solenoidal magnetic field and α = 300 MeV/T. The arc length is L = Rθ, and the particle moving at velocity v takes time t = L/v to travel between the two layers. The separation vector d is a chord for the circle shown, with By combining these two equations, we can eliminate θ:
.2 is analytically intractable, but easily solved numerically. In the limit of large momentum, R → ∞ and d = vt. The velocity v = p/ p 2 + m 2 , where m is the particle mass. This approach works as long as the particles do not curl up, so θ < π (R > d/2), i. e. p T > d/(2αB).
Multi-layer detectors can be treated as a combination of two-plane systems. In a simple case, three planes with two separations, the time at the intermediate layer completely cancels out as long there is no energy loss (only multiple scattering) in the intermediate layer. The momentum can be determined using the timing in the two outer layers, and the total path length. The path length is the sum of the two arc lengths; any change in direction due to scattering in the intermediate layer is immaterial as long as the intermediate point is used to find the total path length for the two arcs.
For some geometries, the cancellation of the intermediate times may be incomplete. This is seen in another example: two pairs of closely spaced layers, with a big separation between the pair. The path length is dominated by intermediate arc, and all four detectors can contribute to measuring that time. Here, we conservatively assume that the timing from the inner layers completely cancels, and use the total time, determined from the inner and outer detectors to determine the momentum.
We consider two scenarios. The first is an isolated track, where we use the inner and outer silicon layers to determine the flight time. The second is an event consisting of many tracks. For these events, we assume that the interaction time can be well constrained, with uncertainty less than the single-layer silicon timing, using beam-beam counters and silicon timing from many tracks. These tracks should be particle-identified, to avoid ambiguity regarding their velocity; an iterative procedure may be required to progressively fit the interaction time and particle identities. With this, the resolution depends only on the outer timing layer and the resolution improves by √ 2, as long as the innermost position measurement is close enough to the beampipe (so that the the beampipe and inner layer can be treated as a single scatterer). Since thinned silicon can be bent to fit around the beampipe, this is technically feasible [15] .
Away from y = 0, eq. 3.2 must be modified. The pseudorapidity introduces a displacement ∆z along the beam direction (in z). ∆z is determined from the radii of the inner (R min ) and outer (R max ) silicon layers.
The pathlength (starting at the origin) is
The equation for the chord (in the radial direction) is unchanged, so
which is more complicated, but, since we're already solving this numerically, doesn't add additional complications.
Results
We first consider the detector described in Tab. 1, assuming a silicon time resolution of 10 psec, for two scenarios. The first is an isolated track, where no other timing information is available. The second scenario assumes that the time of the primary vertex can be accurately determined, with precision σ 10 psec. In the former, innermost and outermost silicon layers each contribute their timing uncertainty, while in the former, the primary vertex provides a highly accurate initial time, so only the resolution of the outer layer contributes. The primary vertex timing improves the vt resolution by √ 2. It is also necessary to consider multiple scattering in the beampipe, which is thicker than the silicon layers. We assume that the first detector layer is mounted on the beampipe; this is possible with thinned silicon, which can be bent to a suitable radius [15] .
We consider pions and protons with momenta from about 165 MeV/c to 600 MeV/c. The lower momentum limit is set by the requirement that the tracks reach the outer layer, rather than curling up. The resolution degrades at higher momentum, and conventional tracking approaches performs much better. Electrons are likely to lose energy via bremsstrahlung in the silicon, so we do not consider them. For each momentum, we calculate the travel time between each layer. Then, we alter this timing by ±1σ (10 psec) and use eq. 3.2 to determine the measured momentum. Figure 3 shows the resolution for isolated pions and protons. The problem is non-linear, so the resolution is asymmetric. The resolution is significantly better for protons, because their velocity is lower, so their flight time is longer and the relative timing resolution ∆T/T improves. Slower particle may also deposit more energy in the silicon layers, potentially improving the timing resolution. However, we do not consider that factor here.
The calculated resolution is zero at the minimum momentum, when R → d/2, and θ → π/2. The particle is moving perpendicular to the chord d at both ends of its path, so dR/dL → 0 and the Figure 3 . The momentum resolution at η = 0 for the EIC detector in Table 1 for a timing resolution of 10 psec for isolated tracks. The red curves show the ±1σ resolution for pions, while the blue curves are ±1σ for protons. Figure 4 . The momentum resolution at η = 0 for the EIC detector in Table 1 for a timing resolution of 10 psec for higher multiplicity events, where the vertex position and interaction time is well known. The red curves show the ±1σ resolution for pions, while the blue curves are ±1σ for protons. resolution becomes ideal. A more detailed treatment would include contributions due to positional uncertainty and scattering in the inter-silicon gas.
165 MeV/c is the minimum momentum for the particles to reach the outer layer. The use of intermediate layers would allow us to extend the treatment down to lower momentum. The overall minimum momentum is set by the number of silicon layers required to reconstruct the track, likely three layers. Per Tab. 1, this implies momentum resolution down to ≈ 10 MeV/c. This is, of course, unrealistic, since it does not include dE/dx energy loss in the detector; furthermore, the large multiple scattering at these low energies would greatly complicate pattern recognition. Figure 4 shows the resolution for higher multiplicity events, where the primary vertex time is well measured. The timing resolution is √ 2 better, and the resolution improves commensurately. Figure 5 shows the total p (not p T ) momentum resolution for the same detector at |η| = 1, again assuming that the vertex position is known. The minimum momentum is higher by a factor cosh(|η|). Significantly above threshold, the momentum resolution is similar. The p T is a factor of 1/cosh(|η|) smaller, so the resolution is worse than in figure 4. For |η| = 1, the degradation from the forward trajectory nearly cancels out the improvement from the known vertex timing, and the Figure 5 . The total momentum resolution at |η| = 1 for the EIC detector in Table 1 for a timing resolution of 10 psec for events for which the vertex time is accurately found. The red curves show the ±1σ resolution for pions, while the blue curves are ±1σ for protons. Figure 6 . The momentum resolution at η = 0 for a detector with 120 cm outer radius, with a timing resolution of 10 psec for events for which the vertex time is accurately found. The red curves show the ±1σ resolution for pions, while the blue curves are ±1σ for protons. The y axis is expanded from the previous plots. p T resolution is very similar to figure 3.
The resolution will improve with increasing path length and with increasing magnetic field. Figure 6 shows the resolution for a detector in the same 1.5 T magnetic field, but with a 120 cm outer radius. The resolution is significantly improved.
We now turn to a detector modeled after CMS, with the same 1.2 m radius solenoidal tracking system but in a 3.8 T field. The resolution for this case is shown in figure 7 , assuming that the primary vertex timing is well known. The resolution is improved compared to figure 6, with the improvement proportional to the ratio of the magnetic fields, as expected.
A partial timing detector
In the model for events with well reconstructed vertices, only the outermost timing measurement is used; timing on all layers is not needed. Although the timing resolution is very important, in most applications, the multiplicity is fairly low, and it would be possible to pair a precision silicon 7 . The momentum resolution at η = 0 for a CMS-like detector for a timing resolution of 10 psec for events for which the vertex time is accurately found. The red curves show the ±1σ resolution for pions, while the blue curves are ±1σ for protons. position detector with a timing detector with larger pads. As long as the two are close together and the occupancy in the timing detector is fairly low, this is as effective as an all-silicon system.
Conclusions
Timing can be used to improve the momentum resolution of silicon detectors, and thereby partially compensate for the loss of resolution due to multiple scattering by low-momentum detectors. The resolution depends on the size of the silicon detector and on the magnetic field. It improves linearly with increasing magnetic field and faster than linearly with increasing detector radius With a moderate sized tracking detector (> 1 m radius) and a multi-Tesla magnetic field, useful resolution can be obtained up to p ≈ 1 GeV/c, bridging the gap to the region where multiple scattering is less important for conventional tracking. With solenoidal magnetic fields, this approach is most effective for tracks at mid-rapidity; as |η| rises, the resolution worsens.
This approach could be of use at an electron-ion collider, where it is important to accurately reconstruct the entire event.
The technique might also be of use at the Large Hadron Collider, where the ATLAS, CMS and LHCb collaborations are all planning on instrumenting their detectors with timing, for pileup rejection [6, 16] ; These timing detectors might also be employed to improve the momentum resolution for lower momentum tracks. field. Timing for tracking was considered in Ref. [17] . However, that paper only considered straight-line tracks, where velocity was used to reduce tracking confusion.
